In addition to mediating dimerization and cooperativbp apart, each contain three discrete 17 bp operator ity, the repressor CTD catalyzes a self-cleavage reaction (Little, 1984). When a lysogen is exposed to an environmental stress that damages the host DNA, the ‡ To whom correspondence should be addressed (e-mail: lewis@ mail.med.upenn.edu).
Figure 1. Structure of the Repressor C-Terminal Domain Dimer
The dimer in the asymmetric unit of the crystal is shown in ribbon representation. The view is perpendicular to the 2-fold axis of symmetry (noncrystallographic). The monomer on the left (gold) is shown with ␤ strands labeled ␤1-␤7, coil and turn regions L1-L6, and the 3 10 -helix 3 10 . Lys-192 and Ser-149, shown in blue ball-and-stick, form the active site for RecA-mediated cleavage. Residues shown in brown ball-andstick (and labeled for the green subunit) are affected by mutations that inhibit dimerization. Notice that these residues map to the dimer interface. Also notice that the C-terminal 3 10 -helices are "swapped." lytic program of development. This event depends upon refined to 1.9 Å resolution. There are two subunits of the CTD in the asymmetric unit of the crystal. the deactivation of the repressor, which is accomplished by a proteolytic cleavage that separates the NTD from the CTD. Lacking the dimerization and cooperativity
Structural Overview functions of the CTD, the isolated NTD no longer binds
The CTD forms a compact globular domain that consists to the operator sites with sufficient affinity to maintain of a highly twisted seven-stranded antiparallel ␤ sheet lysogeny. Though the cleavage depends on the presfollowed by a single turn of 3 10 -helix (Figure 1 ). Two long ence of an activated form of the host's RecA protein, loops (loop 1 and loop 5) extend to one side of the the active site for the reaction is formed by residues of monomer. In the asymmetric unit of the crystal, two the CTD of the repressor. subunits of the CTD form a dimer. Residues of loop 1, ␤ An extensive body of genetic and biochemical data strand 7, and the C-terminal 3 10 -helix (residues 232-236) that pertains to all aspects of repressor function has interact to stabilize the dimer, burying 911 Å 2 of solventaccumulated over the last three decades. However, deaccessible surface area per monomer. More specifically, tailed structural information is available only for the isoresidues of ␤ strand 7 (Ser-228 and Trp-230) form antilated NTD (Pabo and Lewis, 1982; Jordan and Pabo, parallel ␤ sheet hydrogen bonds across the dimer inter-1988; Beamer and Pabo, 1992). To understand the strucface. Specificity of this association is maintained by tural basis of dimerization, cooperativity, and RecAmainchain to sidechain hydrogen bonds between Trpmediated cleavage, we have determined the x-ray crys-230 Ne1 and Ser-159Ј O and between Phe-235 O and tal structure of the isolated CTD of the repressor. The Lys-224Ј N. The C-terminal 3 10 -helix also contributes structure, in concert with the previous studies, provides significantly to the dimer formation, where the phenyl a model for how two repressor dimers interact cooperaring of Phe-235 of one subunit is bound to a hydrophobic tively at pairs of operator sites on the DNA. In addition, pocket formed by several residues of the other subunit, the structure suggests a plausible mechanism for how including Val-225Ј, Phe-160Ј, and Phe-179Ј. the repressor forms an octamer. -terminal fragment  These amino acid substitutions, A152T, P158T, S159N,  S228N, W230L, W230C, E233K, T234K , and F235I, ingenerated by papain cleavage (Pabo et al., 1979), was expressed in E. coli, and the resulting protein was purivolve residues at the dimer interface seen in the crystal (Figure 1 ), strongly suggesting that this dimer is physiofied and crystallized. The x-ray crystal structure was determined by multiwavelength anomalous diffraction logically relevant. The specific interactions seen in the crystal structure also implicate a number of residues in (MAD) using data collected on a mercury derivative and the monomer-monomer interaction that were not identiof the NTD from the CTD (Sauer et al., 1982) . Several related lambdoid phage repressors, as well as the E. fied in the genetic screens. However, as these screens uncovered dimerization mutations indirectly, due to their coli proteins UmuD and LexA, catalyze a similar selfcleavage reaction. A pair of strictly conserved residues, effects on the RecA-mediated cleavage or on cooperativity, it is likely that only a subset of the possible dimerSer-149 and Lys-192 in the repressor, is thought to participate in the reaction (Slilaty and Little, 1987) . Alization mutants was isolated.
The overall fold of the CTD is similar to that of the E. though in vivo the cleavage is dependant on an activated coli UmuDЈ protein (Peat et al., 1996a), as expected form of the RecA protein, in vitro an autocleavage reacbased on sequence similarity. The structures of the two tion occurs in the absence of RecA under mildly basic monomers superimpose to an rms deviation of 0.98 Å (pH ‫)01ف‬ conditions. These observations have led to for 81 pairs of C␣ atoms. Moreover, the CTD dimer is a proposed mechanism in which the conserved lysine similar to the UmuDЈ dimer observed in solution by NMR residue, in an unprotonated form, removes a proton from and in the crystal structure where two UmuDЈ monomers the serine residue, thereby activating it to perform a pack about a 2-fold axis of symmetry (Peat et al., 1996a; nucleophilic attack on the carbonyl carbon atom of the Ferentz et al., 1997). There are, however, significant difAla-111-Gly-112 peptide bond (Slilaty and Little, 1987) . ferences between the two structures. The CTD has the Consistent with such a mechanism, the structure insertion of residues 153-158 in loop 1 and a short 3 10 -shows that the Ser-149 O␥ atom is hydrogen bonded helix at the C terminus, each of which participates in (3.1 Å ) to the Lys-192 N atom (Figure 2A ). The two dimer formation. The UmuDЈ x-ray structure has an addiresidues are located within a shallow groove on the tional 12 residues at the N terminus, which associate in surface of the CTD ( Figure 2B ). The structure also sugthe crystal and were proposed to be involved in the gests a potential role for Thr-190, which is closely hydroformation of a UmuDЈ filament (Peat et al., 1996b). The gen bonded (2.7 Å ) through its O␥1 atom to the Lys-192 equivalent residues of the repressor are part of N atom (Figure 2A) loop 5 of the two yellow subunits come into contact The structure shows that the residues affected by about the 2-fold axis of symmetry ( Figure 4C ). Here, Sercooperativity mutations cluster into discrete patches on 156 is closely hydrogen bonded to its symmetry mate the surface of the CTD dimer ( Figure 4A ). There are four (2.6 Å ), and Pro-153, Pro-208, and Thr-154 participate in such patches, with two on one monomer related by the van der Waals interactions. Throughout the dimer-dimer 2-fold symmetry to two on the other monomer. interface, several ordered water molecules mediate indiand Gln-204 comprise part of the patch colored red in rect hydrogen bonds between the two CTD dimers. Figure 4A , while Lys-192 and Asn-148 comprise part of It is intriguing to note that Lys-192 and Ser-149, the the patch colored blue. Thus, mapping the genetic data residues that form the active site for the RecA-mediated onto the structure of the CTD dimer implicates particular cleavage, also participate in interactions at the cooperasurface patches as probable sites of interaction betivity interface ( Figure 4D) Sauer, 1985) . The absence of interaction between the two dimers are precisely the of ind Ϫ mutations affecting Lys-192 and Ser-149 is conpatches of residues predicted by the genetics to medisistent with the observation that amino acid substituate cooperativity. The red patch on the gold subunit of tions at these two residue positions disrupt cooperativeach dimer interacts with the blue patch on the green ity, which is essential for the maintenance of lysogeny. subunit of each dimer. The individual residues predicted A closer analysis of the structure and genetics of the by the genetics to be juxtaposed at the cooperativity dimer-dimer interface allows an assessment of the interinterface are indeed close to one another at the dimeractions that contribute significantly to the free energy dimer interface in the crystal: Asp-197 and Lys-192 form of association. For example, the genetics predict that an ion pair (2.9 Å ) bridging the dimer-dimer interface, the ion pair between Asp-197 and Lys-192 is important, and the sidechains of Gln-204 and Asn-148 are 3.6 Å because replacing either of these residues with alanine from one another ( Figure 4D) . Thus, the genetic data abolishes cooperativity (Whipple et al., 1998). In the strongly suggest that the interactions that mediate cosame region of the structure, Ser-149 is hydrogen operative binding of two repressor dimers to pairs of bonded to Asp-197 ( Figure 4D ). Although the amino acid operator sites on the DNA are captured in the crystal. substitution S149F severely weakens cooperativity, the Inspection of the tetramer in Figure 4B shows that only two of the four patches on the surface of the dimer Ser-149-Asp-197 interaction does not contribute signifiare buried at the dimer-dimer interface (see also Figures cantly to the stability of the complex because replace-5A and 5B). The red patch on each of the green subunits ment of Ser-149 with alanine does not disrupt cooperaand the blue patch on each of the gold subunits do not tivity (Whipple et al., 1998) . Similarly, the interaction interact at the dimer-dimer interface and are exposed between Gln-204 and Asn-148 (3.6 Å ) must not contribto solvent. While this at first seems unexpected, it can ute significantly to the association because replacement be easily reconciled with the biochemical data, since of either of these residues with alanine does not dethe repressor forms octamers in solution (Senear et al., tectably affect cooperativity (Whipple et al., 1998). The 1993). Thus, the exposed patches are potential sites for contribution of the salt bridge between Arg-196 and Glufurther oligomerization of the CTD. This type of associa-188 ( Figure 4D ) to the stability of the complex remains tion arises from the unusual C2 symmetry of the tetrauncertain, as mutagenesis studies have not fully characmer. Most tetrameric proteins have D2 (three mutually terized the roles of these residues. perpendicular 2-fold axes) or C4 (one 4-fold axis) symIn summary, mapping the genetic data onto the strucmetry, in which cases the oliogomerization interface on ture of the CTD dimer strongly suggests that the interaceach subunit is necessarily occluded in the tetramer, tions that mediate cooperativity have been captured thus preventing further oligomerization. In the CTD tetrain the crystal. Not only do the general regions of the mer, the 2-fold axes relating the two subunits within repressor CTD implicated in cooperativity contact one each dimer are not perpendicular to the 2-fold axis relatanother at the dimer-dimer interface, but also pairs of ing the two dimers, but rather are inclined by ‫04ف‬Њ (Figresidues predicted by the genetic studies to be juxtaure 4E).
posed at the dimer-dimer interface are indeed found to The interactions at the dimer-dimer interface bury 855 interact in the crystal. Although the dimer-dimer interac-Å 2 of solvent-accessible surface area per dimer and oction is not observed in solution at physiological concencur at two separate regions. The primary region of intertrations, the C-terminal domains interact specifically action involves the residues identified in the genetic and favorably when brought together by suitably posistudies that form the cooperativity patches. Here, the tioned operator sites on the DNA or in the concentrated ␤4-␤5 hairpin of the yellow subunit inserts into a pocket formed by ␤ strand 4, and loops 1, 3, and 5 of the green environment of a crystal. ., 1997) . In the case of the repressor CTD, the wealth of genetic data available not only facilitates the assignment of the molecular dimer but also demonstrate that a dimer-dimer association observed in the crystal is relevant to the dimer-dimer interaction that results in cooperative binding to pairs of operator sites.
The two types of associations of the repressor CTD (the association of two monomers to form the dimer and the association of two dimers to form the tetramer) are distinguished by their strengths and their biological functions. Like many DNA binding proteins, the repressor must first dimerize to bind its specific recognition site on the DNA, and the stability of the repressor dimer depends primarily on the interaction of the CTDs. By contrast, the dimer-dimer association is too weak to occur off of the DNA at ordinary physiological concentrations of the repressor. The function of this higherorder interaction, which occurs when two repressor dimers are brought close to one another by the DNA, is to stabilize the repressor-operator complexes and to promote the occupancy of specific low-affinity operator sites on the phage chromosome.
The dimer interface of the CTD is consistent with interfaces seen in other oligomeric proteins (Jones and Thornton, 1996). The two monomers form an isologous, 2-fold symmetric dimer, in which an identical surface of each subunit is buried at the interface. In such an arrangement, further oligomerization (using the same interface) is not possible. The dimer interface of the CTD has few gaps or buried water molecules; the two another dimer to enter the complex (see also Figure 4F ).
The interaction of the two CTD dimers in the crystal is in close agreement with the genetic data, but is the tance of cooperativity for gene regulation, relatively little architecture of the tetramer stereochemically consistent is known in structural detail about the underlying prowith the cooperative binding of two dimers of the intact tein-protein interactions.
repressor? The N terminus of each of the four subunits One challenge of x-ray crystallographic studies is in points to one side of the tetramer (the left side as viewed determining whether or not an association observed in in Figure 4E ), immediately suggesting the probable oria crystal is biologically relevant. For example, to distinentation of the CTD tetramer relative to the DNA. Moreguish a dimer interface from the crystal lattice contacts over, the N termini of the "top" dimer point to the top can be nontrivial. In the case of the UmuDЈ protein, the of the tetramer, while the N termini of the "bottom" dimer point to the bottom, further orienting the CTD tetramer choice of a molecular dimer (i.e., that present in solution) 4-fold by the presence of a distant pair of operator sites 3600 bp away. On the chromosome, the O R and O L regions are separated by about 2500 bp, and they are thought to regulate transcription from P R and P L independently. While there are no direct experimental data that suggest otherwise, the above experiment clearly demonstrates that two repressor tetramers bound to O R and O L could interact and that the resulting octamer could mediate repression of both P R and P L .
The tetramer of the CTD observed in the crystal offers a satisfying model for how the repressor forms an octamer. As is illustrated in Figures 4A-4C and 5A and 5B, a dimer of the CTD has two potential sites for interaction with another dimer. When two dimers associate to form a tetramer, each dimer has a second potential site for interaction that is fully exposed to solvent. Using the same interface that brings two dimers together, two tetramers of the repressor CTD can be brought together to form an octamer ( Figures 4F and 5C ). An important feature of this model for the octamer is that the N terminus of each subunit points to the outside. As a result, the N-terminal domains of the intact repressor could fan out from the CTD octamer without steric hindrance. The model clearly illustrates that oligomerization could not proceed further than the octamer. Binding a fifth dimer to this oligomer (to make a decamer) would result in steric clashes. In this way, the crystal structure provides a rational explanation for why the oligomeric state of the repressor at high concentrations is an octamer and provides a structural model for understanding how two repressor tetramers can interact to mediate repression and form DNA loops. (Figures 4 and 5) . Whether relevant to the significant degree of flexibility between the NTD and the physiology of phage or not, the repressor has evolved CTD (Weiss et al., 1983) .
to allow the cooperative association of up to four dimers, Although the repressor is predominantly dimeric at and the crystal structure provides a model for the ocphysiological concentrations ‫01ف(‬ Ϫ7 M), at higher contamer ( Figures 5C, 6C, and 4F) . While a dimer-dimer centrations the repressor forms tetramers and octaassociation involving all four subunits may be a more mers, while oligomers larger than octamers are not obgeneral mechanism among dimeric repressors that bind served (Senear et al., 1993) . It is not known if the octamer to DNA cooperatively, the precise organization and numis relevant to physiology. However, when two pairs of ber of dimers that could associate could vary in other operators are separated by 2000-3000 bp, two DNAsystems. The structure of the repressor CTD provides bound tetrameric complexes of the repressor are able a detailed model for understanding the nature of the to interact, resulting in the formation of a DNA loop relatively weak protein-protein interactions that mediate (Ré vet et al., 1999) . Moreover, repression of transcription in vivo from a P R -lacZ fusion can be increased cooperative binding to DNA. 
Experimental Procedures
procedure (Chang and Lewis, 1994). Heavy atom sites were refined and MAD phases were calculated at 2.5 Å using SOLVE (Terwiliger and Berendzen, 1999) . The MAD phases were improved by solvent Protein Expression, Purification, and Crystallization Residues 132-236 of the repressor were expressed in E. coli under flattening and histogram matching using DPHASE (G. Van Duyne, personal communication). The resulting 2.5 Å electron density map the control of a T7 promoter using the pET-14b vector (Novagen). The CTD was expressed as an N-terminal 6-His tagged protein with enabled the tracing of both subunits of the CTD using O (Jones et al., 1991). Although there is a 2-fold noncrystallographic symmetry an intervening thrombin proteolytic site. The protein was purified by Ni-NTA affinity chromatography (Qiagen), and the 6-His tag was (NCS) axis, the electron density map used to fit the structure was not averaged. The electron density for the N-terminal residues Thrremoved by thrombin proteolysis (Pharmacia Biotech). A second Ni-NTA step separated the cleaved CTD from various remaining 132-Lys-135 was absent for both subunits, and these residues were not included in the model. impurities. The purified CTD was dialyzed into 150 mM NaCl, 20 mM Tris, and 3 mM DTT (pH 7.4), and concentrated to 20 mg/ml.
The structure was refined using Crystallography and NMR System (Brü nger et al., 1998). Refinement included simulated annealing (AdCrystals grew in 2 weeks from solutions of 1.2 M NaH 2 PO 4 , 1.05 M KH 2 PO 4 , 0.075 M hepes (pH 8.0), and 25% glycerol, and have two ams et al., 1997), restrained isotropic temperature factor refinement, a bulk solvent correction, and an overall anisotropic temperature monomers of the CTD per asymmetric unit and a solvent content of 57%. factor correction. Throughout the refinement, 10% of the data (1974 reflections) were omitted for calculation of the free R-factor (Brü nger, 1992). Two-fold NCS restraints were imposed on all atoms X-Ray Data Collection and Structure Determination Native data were collected to 1.8 Å at 100 Kelvin at the National of the protein during the early rounds of refinement but were completely released during later stages. Both the R-factor and free Synchrotron Light Source (NSLS) beamline X25 using a Brandeis B4 CCD detector (Table 1 ). Attempts to solve the structure by molecular R-factor remained above 30% until the NCS-restraints were released entirely. Solvent-accessible surface area calculations used replacement with the UmuDЈ structure (PDB accession code 1UMU) as a search model were unsuccessful using either AmoRe (Navaza, the algorithm of Lee and Richards ( 
